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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
Neutral thermal sensation is considered as the measure of thermal comfort in research, as when participants report feeling neutral 
regarding the thermal environment, they are considered as thermally comfortable. This is taken for granted, and although a few 
researchers have criticised the matter, still researchers use thermal sensation and the neutral point to assess the thermal conditions 
in their studies. This study questions the application of thermal neutrality and consequently poses a question on the findings of all 
the studies that only rely on it. Field studies of thermal comfort were applied in an open plan office in the UK in the winter of 
2014. Participants were provided with a thermal chair and before and after using the chair, their views of comfort were recorded, 
including the ASHRAE seven point scale of thermal sensation, thermal preference, comfort, and satisfaction. The thermal 
environment was measured and compared against the ASHRAE Standard 55-2013. In addition, numerical modelling was also 
conducted to investigated the airflow and thermal distribution around the proposed thermal chair with a seated occupant. The 
results indicated that overall, 72% of the respondents, who did not feel neutral (thermal sensation) before or after using the 
thermal chair reported to feel comfortable and 65% reported to be satisfied. The results indicated that a neutral thermal sensation 
does not guarantee thermal comfort of the occupants and that thermal comfort is dynamic and other thermal sensations need to be 
considered. This study recommends the use of multiple methods (e.g. thermal, preference, decision, comfort, and satisfaction) to 
assess thermal comfort more accurately. Also, it questions the findings of any research that solely relies on thermal sensation and 
particularly on the neutral thermal sensation to assess thermal comfort of the occupants. The results also emphasised the 
importance of the application of numerical modelling in evaluating the thermal performance of the chair.  
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1. Introduction 
Thermal comfort studies are mainly based on the ‘neutral thermal sensation’ [1,2], which is considered the 
measure of thermal comfort [3]. Currently, the widely used measure of thermal comfort of occupants is ASHRAE 
seven-point scale of thermal sensation (Table 1) [4], and the neutral sensation is considered as the comfort status of 
the occupant regarding the thermal environment. In many studies and research contexts, ‘thermal neutrality’ has 
been used instead of thermal comfort, such as the ASHRAE Handbook [4], the work of McCartney and Nicol [5] 
and the definition of thermal comfort [6-7]. Although the application of the neutral thermal sensation as the measure 
of thermal comfort has been criticized [8,9], still the main stream of thermal comfort research assesses thermal 
comfort just according to this measure, such as the work of [10-13]. Therefore, their findings are dependent on 
assumption that neutral thermal sensation means thermal comfort of the occupant. In other words, occupants feel 
comfortable regarding the thermal environment only when they feel neutral, meaning neither cold, nor hot [6].  
Table 1: The ASHRAE seven point scales [4] 
Seven-point thermal sensation scale: 
Cold Cool Slightly cool Neutral Slightly warm Warm Hot 
-3 -2 -1 0 1 2 3 
Seven-point thermal preference scale: 
Much cooler Cooler Slightly cooler No change Slightly warmer Warmer Much warmer 
-3 -2 -1 0 1 2 3 
Seven-point comfort scale: 
Very uncomfortable Uncomfortable Slightly uncomfortable Neutral Slightly comf. Comfortable Very comfortable 
-3 -2 -1 0 1 2 3 
Seven-point satisfaction scale: 
Very dissatisfied Dissatisfied Slightly dissatisfied Neutral Slightly satisfied Satisfied Very satisfied 
-3 -2 -1 0 1 2 3 
 
Shahzad uses thermal decision, which is a combination of thermal sensation and thermal preference [8]. Thermal 
decision shows that in case a respondent felt neutral (thermal sensation) but wanted a change in the thermal 
environment to slightly warmer (thermal preference), their thermal decision is the combination of the two, which is 
slightly warm. Therefore, although the respondent had a neutral thermal sensation, because they wanted to feel 
slightly warmer, overall they want to feel slightly warm (thermal decision) [8]. Thermal decision was used in this 
research as well as thermal sensation, thermal preference, comfort and, satisfaction. This study examined the 
accuracy of the application of neutral thermal sensation in thermal comfort research. Occupants’ views of thermal 
comfort were investigated in the context of an open plan office when a thermal chair was provided. The separate 
temperature controls on the back and the seat of the chair allowed respondents to adjust the temperature according to 
their requirements to find their own comfort condition. The study investigated whether this comfort condition is in 
agreement with thermal neutrality or not.  
2. Previous related work 
Studies show that thermal control increases user thermal comfort [14]. Thermal chair has been studied in several 
studies, mainly as a ventilated or cooled chair [15-17], as demonstrated in Figure 1. The ventilation was either 
designed in the armrests of the chair [15], back or seat [16,17]. Watanabe et al provided separate control systems for 
the seat and the back [15]. Zhao et al combined the back and seat fans with heating elements on the back and the seat 
of the chair for the use in both the cold and warm season [17], as illustrated in section c in Figure 1. 
 
Figure 1. Thermal chairs studied by a. Kogawa et al [15] b. Watanabe et al [16] c. Zhao et al [17] 
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However, most researchers focus on the cooling effect of the office chair rather than the heating aspect of it. In 
the car industry, cooled or warm chair has been used [18] and in some studies a water tubes were used for both 
cooling and heating purposes [19]. The studies found that the heating application of the chair is more effective than 
cooling [20]. In all these studies, mainly experiments in the in the climate chambers were carried out rather than the 
real context of the workplace. The experimental chambers have been criticised for the lack of context, which holds 
valuable information that influences occupants’ comfort [21]. Also, the findings of experimental chambers may not 
apply to the context of real life [22]. 
3. Research methods 
This study investigated the accuracy of neutral thermal sensation as the measure of thermal comfort through the 
application of a thermal chair. The prototype of an office chair equipped with heat pads on the seat and the back of 
the chair with separate temperature controls was designed [23], as illustrated in Figure 2. The application of this 
thermal chair was examined through field studies of thermal comfort in an open plan office in the University of 
Leeds in the winter of 2014, where 44 occupants with mainly sedentary activities participated in the research. This 
was the real context of the office and participants continued with their normal everyday activities during the study. 
Respondents were mainly in their twenties and thirties and they included 15 females and 19 males. Their views of 
comfort, satisfaction and thermal comfort (presented in Table 1) were recorded before and after an hour of using the 
thermal chair, as presented in Figure 2. As explained separate manual control systems were provided for the seat and 
the back of the chair and occupants were briefed on using them. The temperature settings of the chair for every 
participant were recorded and the satisfaction of the respondents regarding the use of the thermal chair was 
investigated. A good practice example of the workplace with a good quality of thermal environment was selected for 
this study to limit the impact of the thermal environment on occupants’ thermal decision. For this reason, the 
thermal environment was measured (dry bulb temperature, humidity and mean radiant temperature). Accordingly, 
the PMV was calculated and it was compared against the ASHRAE Standard 55-2013, which was satisfactory. 
  
Figure 2. Thermal Chair, designed for this study 
This research will also use the Computational Fluid Dynamic (CFD) tool ANSYS FLUENT to assess the airflow 
and thermal distribution around a thermal chair with a seated manikin. The basic assumptions for the numerical 
simulation include a three-dimensional, fully turbulent, and incompressible flow. The CFD code was used with the 
Finite Volume Method (FVM) approach and the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) 
velocity-pressure coupling algorithm with the second order upwind discretisation. The k-epsilon transport model was 
employed for the air turbulence due to its well-documented performance in predicting indoor airﬂows. The general 
governing equations include the continuity, momentum and energy balance for each individual phase. Figure 3a 
shows the computational domain created around the thermal chair with a seated manikin. The computational domain 
consisted of an inlet (set at 0.1 m/s and 23˚C) on one side of the domain, and an outlet on the opposing boundary 
wall with the thermal chair located centrally. Two configurations were simulated; (a) an office chair with heated seat 
(heat flux: 40 W/m2) and back rest (heat flux: 40 W/m2) and (b) a standard non-heated office chair and 250mm 
diameter underfloor air jets (set at 0.2 m/s and 25˚C). Due to the complexity of the model, a non-uniform mesh was 
applied to volume and surfaces of the computational domain. The generated computational mesh is shown in Figure 
3. Sensitivity analysis was performed by conducting additional simulations with same domain and boundary 
conditions but with various mesh sizes. The average value of the airflow velocity in the vertical line was used as the 
error indicator (Figure 3). The average error between the fine and coarse mesh was 5.4% or ±0.032 m/s.  
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Figure 3. (a) CFD mesh and boundary conditions (b) grid sensitivity analysis 
4. Results and Analysis 
Figure 4 compares the predicted temperature contours of a side view cross-sectional plane inside the 
computational domain representing the thermal distribution around the manikin with heated office chair and normal 
chair. As observed, the thermal chair (Figure 4a) heated the seat and back rest areas between 28-36˚C. While for the 
case of the space heated with underfloor air jets, the temperature around the manikin range between 24-28˚C as 
observed in Figure 4b. For both cases, lower temperature near the face area was observed due to higher airflow 
movement while a higher temperature can be observed near the seat area and thigh region due to lower air movement 
and constrained space. From the results it was evident that depending on the position of the user (in this case a 
manikin), the seat and back rest regions had different temperature levels. The results indicated the necessity of 
separate control systems for the seat and the back which was implemented in the design of the thermal chair. 
  
Figure 4. Temperature distribution around a manikin with (a) the thermal chair (b) a standard non-heated office chair and underfloor air jets 
Thermal decision was used in this study (Figure 5), which is a combination of thermal sensation and thermal 
preference [8]. Overall, 15 respondents had a neutral thermal sensation before using the thermal chair. However, 
after considering their thermal preference, only 9 people wanted no change in the temperature. Therefore, their 
thermal decision was “neutral”. The other 6 participants wanted slightly warmer to much warmer thermal 
conditions. Thus, their thermal decision was not neutral. Overall, the thermal decision of 20 out of 44 respondents 
(i.e. 45%) was neutral. 5 participants felt slightly cool and wanted to feel slightly warmer, while one participant felt 
cool and wanted to feel warm. 5 respondents felt slightly warm and wanted to feel slightly cool. After using the 
chair the number of respondents, who had a neutral thermal sensation dropped to 4, out of which three wanted no 
change and one respondent wanted to feel slightly cooler. Overall, only 7 out of 44 respondents (i.e. 16%) wanted to 
feel neutral (thermal decision). One person was feeling slightly cool and wanted to feel slightly warmer. Two 
respondents felt slightly warm and wanted to feel slightly cooler; and one respondent felt warm and wanted to feel 
cool. Overall, only 5 out of 44 respondents (i.e. 11%) had a consistent desire to feel neutral (thermal decision), 
which are highlighted with a cross on Figure 5. 89% of the participants did not want to feel neutral after using the 
chair, among which 16 respondents (i.e. 36%) did not want any change in the temperature and felt between slightly 
warm to warm and one person felt hot. 22 out of 44 respondents (i.e. 50%) had no desire to feel neutral neither 
before nor after using the thermal chair. Overall, 39 out of 44 participants (i.e. 89%) wanted to feel other than 
neutral at some point during the study (either both before and after using the chair or at one of those two recordings).  
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Figure 5. Thermal decision of the respondents before and after using the chair: do they want to feel neutral? 
Figure 6 demonstrates comfort and satisfaction status of the occupants before and after using the thermal chair. 26 
out of 44 respondents (59%) felt comfortable (i.e. voted either comfortable or very comfortable) before using the 
chair. Out of this number, thermal decision of 16 respondents (62%) was other than neutral, mainly slightly warm. 6 
out of 15 participants (14% of the overall numbers) with a neutral thermal sensation and 10 out of 20 respondents 
(23% of the overall numbers) with a neutral thermal decision were feeling uncomfortable to slightly comfortable. 20 
out of 44 participants (44%) felt satisfied (i.e. voted either satisfied or very satisfied) before using the thermal chair. 
Out of this number, thermal decision of 11 respondents (55%) was other than neutral, mainly slightly warm. 9 
participants (20%) with a neutral thermal sensation and 11 respondents (25%) with a neutral thermal decision were 
feeling dissatisfied to slightly satisfied. After using the thermal chair, the number of comfortable respondents raised 
to 34 (77%), which is 18% higher than before the application of the thermal chair. Out of the 34 respondents, 
thermal decision of only 2 respondents (6%) was neutral, the rest (94%) had a thermal decision other than neutral, 
mainly slightly warm to very hot. 2 out of 4 participants (5% of the overall numbers) with a neutral thermal 
sensation and 4 out of 7 respondents (9% of the overall numbers) with a neutral thermal decision were feeling 
uncomfortable to slightly comfortable. 35 out of 44 participants (80%) felt satisfied (i.e. voted either satisfied or very 
satisfied) after using the thermal chair. The satisfaction level was increased by 34% comparing before to after 
utilising the thermal chair. Out of this number, thermal decision of 30 respondents (88%) was other than neutral, 
mainly slightly warm. No participant with a neutral thermal sensation and 3 respondents (7%) with a neutral thermal 
decision were feeling dissatisfied to slightly satisfied.  
 
Figure 6. Comfort and satisfaction of the participants before and after using the chair 
4. Discussion and conclusion 
Overall, 15 out of 44 (34%) respondents reported feeling neutral (thermal sensation) before using the thermal 
chair. It would be expected that these respondents feel comfortable and satisfied. Also that they would not use the 
heating on the chair and turn it off, as they already felt neutral. However, 6 of them (40%) did not feel comfortable 
and 9 of them (60%) did not feel satisfied with the thermal environment. 6 of them (40%) wanted a change in the 
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chair. It would be expected that these respondents feel comfortable and satisfied. Also that they would not use the 
heating on the chair and turn it off, as they already felt neutral. However, 6 of them (40%) did not feel comfortable 
and 9 of them (60%) did not feel satisfied with the thermal environment. 6 of them (40%) wanted a change in the 
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temperature (thermal preference). When they were offered with a thermal chair, 13 of them (87%) used the heating 
on the back and 14 of them (93%) used the temperature settings of the seat. Also, after using the thermal chair 13 of 
them (87%) ended up with a thermal sensation warmer than neutral and 11 of them (73%) did not want to feel 
neutral (thermal decision) after using the chair. 12 of them (80%) felt comfortable and 11 of them (73%) were 
satisfied with the overall thermal environment. In case the neutral thermal sensation would be the ideal feeling, it 
would be expected that either they don’t use the thermal chair and leave the temperature control off, and in case they 
applied temperature control, their comfort and satisfaction levels to drop. However, they reported 20% higher 
comfort and 33% higher satisfaction levels. Overall, 42% of the respondents, who felt neutral (thermal sensation) 
before or after using the thermal chair reported to feel between uncomfortable to slightly comfortable and 47% of 
them reported to feel dissatisfied to slightly satisfied with the overall thermal condition. In addition, 72% of the 
respondents, who did not feel neutral (thermal sensation) before or after using the thermal chair reported to feel 
comfortable and 65% reported to be satisfied with the overall thermal condition. The results indicated that a neutral 
thermal sensation does not guarantee thermal comfort. This finding is in agreement with the findings of Shahzad [8] 
and Humphreys and Hancock [9]. This study suggests that thermal comfort is dynamic and other thermal sensations 
than neutral need to be considered as the state of thermal comfort. The use of multi methods to assess thermal 
comfort is recommended. For instance, the use of thermal preference, thermal decision, comfort and satisfaction of 
the thermal environment is a more accurate approach to assess thermal comfort. This study questions the findings of 
any research that solely relies on thermal sensation and particularly on the neutral thermal sensation to assess 
thermal comfort of the occupants. Finally, the results emphasised the importance of the application of numerical 
modelling in evaluating the thermal performance of the chair.  
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